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Introduction
Epidermal growth factor receptor (EGFR) tyrosine kinase (TK) plays an indispensable role in cancer cell proliferation, survival, adhesion, migration and differentiation. Overexpression and mutation of EGFR have been associated with a variety of cancers 1, 2 . Development of EGFR inhibitors has become a main focus in antitumor drug campaigns. At present, several drugs such as Gefitinib, Erlotinib, Afatinib, and Lapatinib, have been approved by the Food and Drug Administration (FDA) for clinical use as EGFR inhibitors ( Figure 1) 3, 4 . However, the emergence of acquired point mutations has weakened their therapeutic efficacy, leading to drug resistance and toxicity burden 5 . Consequently, it is an urgent goal to discover new structural EGFR inhibitors for cancer therapy 6 .
Quinazolinone is a heterocyclic scaffold exhibiting a broad range of biological activities 7 , such as antitumor, antimicrobial, anti-inflammatory, anticonvulsant, antiviral, antidiabetic and insecticidal activities 8, 9 . The derivatives of quinazolinone can exert anti-tumour activity by inhibiting EGFR-TK, cyclin dependent kinase 4 (CDK4) 10 , tubulin polymerization 11 , HER2 12 , VEGFR 13 and c-Met 14 . There are many reports of 3-position substituted quinazoline derivatives as EGFR inhibitors, such as compound I 15 and II 16 in Figure 2 . However, the works as EGFR inhibitors of quinazoline in 2-position were few reported in literature 17 .
Based on the bioactivities of quinazolinone, our laboratory is interested in the development of the novel EGFR inhibitors. Initially, we designed a new series of 2-substituted quinazolinone derivatives for EGFR-TK inhibitors, compound III in Figure 2 . However, in the previous studies, we found that the 2-arylquinazolinones had poor solubility. Therefore, we used the ethyl ether group as the linker for increasing the soluble activity, and then we designed a novel 3-methylquinazolinones compound IV as shown in Figure 2 . In this paper, we synthesised the new compounds and tested the activities against EGFR wt -TK with ELISA assay. Meanwhile, in vitro cytotoxicity of compound IV against human prostate cancer cells (PC-3), human lung cancer cells (A549), human liver cancer cells (SMMC-7721), and normal rat kidney cell (NRK-52E) were evaluated by MTT method.
(HRMS, Thermo Fisher Scientific Co., Ltd.). Melting points were determined with X-4X digital display micro melting point analyser (uncorrected, Shanghai Microelectronics Technology Co., Ltd.).
Synthesis
The synthetic route of the target compounds is shown in Scheme 1. The synthetic methods of intermediates 2-5 followed the previous procedures, and the detail process is described as follows.
Synthesis of 2-amino-N-methylbenzamide (2)
The solution of isatoic anhydride (1.00 g, 6.13 mmol), 30% MeNH 2 aqueous solution (0.96 ml, 9.20 mmol) and THF (10 ml) was stirred at room temperature for 1 h. Then ethyl acetate (20 ml) and saturated brine (10 ml) were added. The organic layer was separated and washed with water, dried with anhydrous Na 2 SO 4 , filtered and concentrated in vacuo to afford compound 2. 0.45 g white solid; 49% yield; 1 
Synthesis of 2-(chloromethyl)-3-methylquinazolin-4(3H)-one (3)
The solution of compound 2 (1.00 g, 6.67 mmol), 2-chloroacetyl chloride (2.26 g, 20.01 mmol) and glacial acetic acid (50 ml) was heated to reflux for 10 h. Then, the mixture was concentrated in vacuo, neutralised with aqueous Na 2 CO 4 . After filtration, the residue was recrystallized with isopropyl alcohol to afford compound 3. 0.68 g white solid; 49% yield; 1 
Synthesis of 4-((3-methyl-4-oxo-3,4-dihydroquinazolin-2yl)methoxy)benzaldehyde (4)
To a 50 ml-flask, p-hydroxybenzaldehyde (2.34 g, 19.2 mmol), anhydrous potassium carbonate (2.91 g, 21.1 mmol) and DMF (30 ml) were added. The mixture was stirred at room temperature for 15 min, then compound 3 (4.00 g, 19.2 mmol) and potassium iodide (0.32 g, 1.9 mmol) were added and stirred for 2 h. The solution was added saturate Na 2 CO 3 (40 ml) and EtOAc (40 ml). The organic layer was separated and washed with water (30 ml Â 3), dried over anhydrous sodium sulphate, filtered, and concentrated in vacuo to afford crude product. The pure compound 4 was obtained by recrystallization of crude product in isopropanol.
Light 
Synthesis of compounds 5a-p
To a 50 ml round-bottom flask, compound 4 (1.0 g, 3.4 mmol), toluene (15 ml), corresponding aniline (6.8 mmol) and glacial acetic acid (0.02 g, 0.34 mmol) were added. The mixture was refluxed at 120 C and water segregating reaction for 12 h. The reaction mixture was cooled to room temperature, and the solvent was evaporated. The residue was purified with methanol to afford crude product. The pure compound was obtained by recrystallization of crude product in acetonitrile. 
In vitro EGFR wt -TK assay
Recombinant EGFR was purchased from Sino Biology Inc. Antiphosphotyrosine mouse mAb was purchased from PTM Bio. The effects of compounds on the activity of wild type EGFR tyrosine kinase were determined by enzyme-linked immunosorbent assays (ELISAs) with recombinant EGFR according to reported methods. 
Cytotoxicity evaluation (MTT assay)
In vitro cytotoxicity of synthesised compounds against three kinds of human tumour cell lines (PC-3, SMMC-7721, A549) along with normal rat kidney cells (NRK 52E) was determined by MTT assay as described in previous articles. 5-Fluorouracil and Gefitinib were used as positive controls.
Cell apoptosis analysis
The apoptosis of tumour cells (A549) treated by different concentrations of compound 5k, was measured with Annexin V-FITC/PI apoptosis detection kit (Solarbio, Beijing, China), according to instructions of kit, and detected by BD Accuri C6 flow cytometry (American BD Corporation Shanghai Co., Ltd.)
Cell cycle analysis
The distribution of cell cycle for A549 treated by different concentrations of compound 5o, was measured with Annexin V-FITC/PI cell cycle detection kit (Solarbio, Beijing, China), according to instructions of kit, and detected by BD Accuri C6 flow cytometry (American BD Corporation Shanghai Co., Ltd.)
Molecular docking
The possible binding modes of all designed compound with EGFR were predicted by molecular docking with Autodock Vina. Base on the trajectories of 10 ns MD simulation for each candidate conformation from docking, MM/GBSA method was used to estimate the binding affinity between EGFR and ligand for identifying the most possible binding modes. X-ray crystal structures of EGFR in both "active" (PDB entry 1M17) and "inactive" (PDB entry 4HJO) states were used for identifying candidate binding modes.
ADMET studies
All the compounds were built and full minimised using CHARMM force field using Discovery Studio 2.5 software (Accelrys, Inc., San Diego, Calif.). The low-energy conformers of all the compounds were used to calculate the ADMET properties. The parameters of ADMET were judged according to the levels shown for each parameter. ADMET aqueous solubility levels were six as 0 for extremely low, 1 for no; very low, but possible; 2 for yes, low; 3 for yes, good; 4 for yes, optimal, 5 for no, too soluble and 6 for molecules with one or more unknown AlogP98 types. Intestinal absorption levels (HIA) were 0, 1, 2, and 3 which showed good, moderate, low, or very low absorption, respectively. Cytochrome P450 (CYP2D6) inhibition, hepatotoxicity were shown as 1 for the inhibitor and toxic or 0 for non-inhibitor and non-toxic, respectively. Plasma protein binding (PPB) was 0, 1, 2 which showed binding is < 90%, > 90%, or > 95%. Blood brain barrier permeability (BBB) were classified by 0 for very high, 1 for high, 2 for medium, 3 for low and 4 for undefined.
Results and discussions

Chemistry
The target compounds (5a-5p) were synthesised from the starting material isatoic anhydride in a sequence of reactions and characterised by NMR and HRMS. As shown in Scheme 1, compound 2 and 3 were obtained according to the reported method 19 . Compound 3 reacted with 4-hydroxy-benzaldehyde under the K 2 CO 3 /KI/DMF conditions to give the compound 4 with 86% yield. And then, compound 4 reacted with corresponding phenylamine to get the final targets. The compounds 5a-p were purified by recrystallization in acetonitrile.
In vitro EGFR kinase inhibitory activity and antitumor activity of target quinazolinone derivatives
In order to test our rationality of the design, we took 5a which bears a hydrogen moiety at R as our initial compound to evaluate the inhibitory activity against EGFR wt -TK. The result revealed that 5a have poor activity with an inhibition rate of 1.91% at 1 lM ( Table 1 , the best compounds 5k and 5l were tested with 63.37% and 61.89% by ELISA kinase assay 20 at the concentration of 1 lM. 5-Fluorouracil and Gefitinib were used as positive control with 63.42% and 67.85% at 1 lM, respectively.
To test the anticancer activity of synthesised compounds, we evaluated the anti-proliferative activity of compounds 5a-p against three EGFR over-expressed human tumour cell lines derived from human non-small cell lung cancer (A549), prostate cancer (PC-3), and liver cancer (SMMC-7721) by MTT assay. 5-Fluorouracil and Gefitinib were also used as positive controls. As shown in Table 1 , part of the novel derivatives exhibited potent anti-cancer activities against selected cancer cell lines with 10 lM. Against A549 cells, compounds 5l and 5n (with inhibitions of 31.21% and 33.29%, respectively) were more potent than Gefitinib (27.41%). The inhibitory efficacy of compounds 5k and 5l against SMMC-7721 and PC-3 cells was higher than Gefitinib and 5-Fluorouracil.
Based on the initial result of EGFR wt -TK and three tumour cell assays, we obtain the preliminary structure-activity relationship (SAR) of quinazolinone derivatives. It is indicated that this type of substitution in phenyl ring is essential for anticancer activity. For anti-tumour activity, the effective substitution order should be F > OCH 3 % Br > CH 3 > H % Cl. Also, the more effective substitutions of the phenyl ring are either 3-F, 3,4-di-F or 3,5-di-F group(s). Thus for good anti-cancer activity, the 3-position of phenyl ring should carry fluoro group.
To further evaluating bioactivities, the IC 50 values of compounds 5g, 5k and 5l to EGFR wt -TK and three human cancer cell lines (A549, PC-3 and SMMC-7721) were evaluated, using 5-fluorouracil and Gefitinib as positive controls. As shown in Table 2 , compound 5k inhibited EGFR activity with an IC 50 value of 0.010 ± 0.001 lM and was similar to Gefitinib. However, compounds 5g and 5l did not cause significant EGFR inhibition with 0.047 ± 0.004 lM and 0.54 ± 0.031 lM. On the other hand, compound 5k inhibited anticancer cells (A549, PC-3 and SMMC-7721) activity with IC 50 values of 12.30 ± 4.12 lM, 17.08 ± 3.61 lM and 15.68 ± 1.64 lM. These data indicate that 5p was worth to further investigation.
In vitro cytotoxicity of target quinazolinone derivatives on normal cells
As the preferential selectivity for cancer cell is critical for antitumor drugs, the cytotoxicity of these novel compounds to normal rat kidney cell line (NRK-52E) was tested by MTT assay. All target compounds have significantly lower cytotoxicity than 5-fluorouracil ( Figure 3 ). The cytotoxicity of most compounds was similar to Gefitinib, even the partial compounds were much lower.
Effects of compound 5k on cell apoptosis of A549 cell line
Apoptosis is a physiological process that functions as an essential mechanism of tissue homeostasis and is regarded as the preferred way to eliminate unwanted cells. Most of the available anti-cancer drugs mediate their effects via induction of apoptosis in cancer cells 21 . To further investigate the effect of 5k on tumour cell, apoptosis of A549 cell treated with different concentrations of 5k for 48 h was analysed by flow cytometry. Herein, Gefitinib was used as positive control. After treatment with 5k or Gefitinib, the number of apoptotic cells increased significantly (Figure 4 ). The trend of early apoptosis rate showed that 5k induces cellular apoptosis in a concentration-dependent way. The results also showed compound 5k has better ability to induce early apoptosis than gefitinib at 5 lM, 10 lM and 20 lM (Figure 4(B) ). The difference in the total numbers of apoptotic cells between samples treated with 5k or Gefitinib at the same drug concentration decreased with increasing drug concentration, indicating that 5o has a better ability to induce apoptosis at low concentrations than Gefitinib.
Effects of compound 5k on cell cycle of A549 cell line
Most cytotoxic agents cause cell cycle arrest, either as the direct consequence of regulating cell cycle regulators, or as the secondary effect of modifying other cell components 22 . In order to study the effect of compound 5k on cell cycle, A549 cells were treated by compound 5k or Gefitinib for 48 h, then the cells were strained by PI and examined using flow cytometry. Comparing with control A549 cells that consist of 16.04% of G2 phase cells, the G2 phase percentage of A549 cells treated with compound 5k and Gefitinib at 5 lM and 10 lM increased to 25.31% and 29.47% and 23.10%, 24.28%, respectively ( Figure 5 ) accompanied by a decrease in the S and G0/G1 cells. The results indicated A549 cells could be arrested in the G2/M phase by compound 5k. However, at 10 lM of compound exposure, G2/M arrest decreased, A549 cells would undergo significant apoptosis. These data suggest that the G2/M phase arrest in A549 cells by compound 5k and Gefitinib might be in parallel to the induction of apoptosis.
Molecular docking studies
To investigate the detailed protein-ligand interaction between EGFR and the novel scaffold, the possible binding modes were predicted by molecular docking. Previous structural studies showed that the "active" or "inactive" state of EGFR tyrosine kinase has different preference of ligand binding profile, so X-ray crystal structures of EGFR in both "active" (PDB entry 1M17) and "inactive" (PDB entry 4HJO) states were used for identifying candidate binding modes 23 .
Based on data shown in Table S1 , the predicted binding energy of all the designed compounds 5a-p with inactive state EGFR are in the range of À40 to À45 kcal/mol, whereas the binding energy for active state EGFR falls to the range of À22 to À36 kcal/mol, which suggests that these compounds are likely to bind with EGFR in inactive state. In contrast, the predicted binding affinity for Gefitinib with EGFR in two states are very similar (À45.7 kcal/mol for active state and À45.8 kcal/mol for inactive state), which is consistent with previously reported work 24 . With the same docking and MD simulation protocol for designed scaffolds and Gefitinib, the binding mode of Gefitinib was successfully reconstructed with quinazoline scaffold well-fitted to the X-ray crystal structure of EGFR/Gefitinib complex ( Figure 6(A) ). Obviously, the ortho-substituted quinazolinone derivatives could not adopt similar binding mode of Gefitinib because the corresponding substitution site of Gefitinib is closely face to protein. Interestingly, all of these compounds 5a-p bind to EGFR with a similar binding mode depicted in Figure 6 (B). Take compound 5k as example, the quinazolinone moiety formed cation-p interaction with the residue K721 ( Figure 6(C,D) ), which is a key residue for ATP-binding of EGFR. Besides, 5k also formed stable hydrogen bonds with R817 and T830 during the 10 ns MD simulation. The stable protein-ligand binding during MD simulation for these compounds also results in a small standard deviation for the energy prediction (±3 kcal/mol), Although it is still not feasible to rank these compounds by the binding energy within a narrow range of À40 to À45 kcal/mol, the computational prediction indicates that the binding affinity of these designed compounds are comparable with gefitinib, which also suggests the common scaffold of these compounds may be a promising lead scaffold for designing novel EGFR-TK.
ADMET studies
Furthermore, Discovery Studio 2.5 software (Accelrys, Inc., San Diego, Calif.) was used to predict the physicochemical and ADMET properties of the synthesised compounds 5a-p. As shown in Table 3 , aqueous solubility logarithmic levels of the compounds 5a-o were 2, suggesting that these compounds are the same with Gefitinib. CYP2D6 binding predicts are non-inhibitor of cytochrome P450 enzyme. The compounds 5l, 5m and 5p were probably less toxic than Gefitinib, and the others were similar with Gefitinib. Furthermore, the calculated log p values 4.34 and 4.54 were closed to Gefitinib (4.20), suggesting that the fluoro-group or difluoro-group on phenyl were well for physicochemical properties. This result is consistent with the previous structure-activity relationship.
Conclusion
In summary, a series of novel 3-methyl-quinazolinone derivatives were designed and synthesised. In vitro biological activities of novel compounds on enzyme level and cell level were evaluated. The enzyme inhibition assay showed that 5g, 5k, and 5l have the good inhibition for EGFR wt -TK. Two compounds 5k and 5l were identified to show superior biological activities than Gefitinib and 5-fluorouracil in both PC-3 and SMMC-7721 cell lines. Importantly, the best compound 5k displayed 10 nM IC 50 value against EGFR wt -TK activity. Apoptosis analysis in A549 cell line suggested that 5k delayed cell cycle progression by arresting cells in the G2/M phase of the cell cycle, retarding cell growth. Furthermore, molecular docking, molecular dynamics simulation, and MM/GBSA estimation were performed to determine possible binding modes of these compounds with EGFR. This design offered an option for the optimisation and development of quinazolinone-based EGFR inhibitors. Other further studies on compounds 5k and 5l are going on in our lab.
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